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Background: Robotically facilitated therapeutic activities, performed in virtual environments have emerged as one
approach to upper extremity rehabilitation after stroke. Body function level improvements have been demonstrated
for robotically facilitated training of the arm. A smaller group of studies have demonstrated modest activity level
improvements by training the hand or by integrated training of the hand and arm. The purpose of this study was
to compare a training program of complex hand and finger tasks without arm movement paired with a separate
set of reaching activities performed without hand movement, to training the entire upper extremity simultaneously,
utilizing integrated activities.
Methods: Forty individuals with chronic stroke recruited in the community, participated in a randomized, blinded,
controlled trial of two interventions. Subjects were required to have residual hand function for inclusion. The first,
hand and arm separate (HAS) training (n = 21), included activities controlled by finger movement only, and activities
controlled by arm movement only, the second, hand and arm together (HAT) training (n = 20) used simulations
controlled by a simultaneous use of arm and fingers.
Results: No adverse reactions occurred. The entire sample demonstrated mean improvements in Wolf Motor
Function Test scores (21%) and Jebsen Test of Hand Function scores (15%), with large effect sizes (partial r2 = .81
and r2 = .67, respectively). There were no differences in improvement between HAS and HAT training immediately
after the study. Subjects in the HAT group retained Wolf Motor Function Test gains better than in the HAS group
measured three months after the therapy but the size of this interaction effect was small (partial r2 = .17).
Conclusions: Short term changes in upper extremity motor function were comparable when training the upper
extremity with integrated activities or a balanced program of isolated activities. Further study of the retention
period is indicated.
Trial registration: NCT01072461.
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Sensorimotor impairments and participation restrictions
remain a pervasive problem for patients post stroke, with
recovery of upper extremity function particularly recalci-
trant to intervention [1]. Repetitive task practice (RTP), the
repetitive performance of goal oriented activities designed
to develop more normal upper extremity movement pat-
terns [2-4], has been used as a rehabilitation approach to
redevelop the complex integrated control associated with
normal upper extremity function in persons after stroke
[2].
Many researchers are developing robotic-assisted arm
training devices to facilitate the delivery of RTP. Robotic
systems offer several advantages in the ability to deliver
RTP, including the ability to provide highly repetitive
practice with systematic increases in task difficulty, graded
assistance as well as the ability to turn small active move-
ments into goal directed activities [5,6]. Most robotic ther-
apies have focused on isolated training of the proximal
effectors of the upper extremity. Two systematic reviews
that examined the effects of isolated robotic training of the
proximal effectors found moderate improvements in prox-
imal motor impairments as measured by the Fugl-Meyer
Assessment of Upper Extremity Function (UEFMA) but
no statistically significant improvements at the activity or
participation level [5,6]. A few groups have examined ro-
botically facilitated interventions targeting the hand for
persons with strokes [7-10]. In small trials, this training ap-
proach has produced moderate improvements in proximal
as well as distal motor function and subjects in two of
these trials demonstrated improvements at the activity and
participation level as well [11].
Virtual reality based training systems offer many of the
proposed benefits of robot-based therapies without the
haptic feedback or assistance [12]. In multiple studies, per-
sons with stroke have demonstrated improvements at the
motor function level in response to programs of VR based
proximal UE training [13]. Persons with stroke have also
demonstrated improvements at the activity level using a
VR based program of isolated hand training [14]. These
studies suggest that there might be a need to train the
hand to elicit activity and/or participation-level change.
A majority of the real-world studies on RTP in persons
with stroke incorporate activities that integrate activity of
the hand wrist and fingers. This level of integration may
be necessary to produce activity and or participation level
change due to the enormous complexity required for nor-
mal upper extremity activity. The isolated nature of a ma-
jority of the virtually simulated and robotically-aided
rehabilitations studied to date may have limited the trans-
fer of motor function improvements developed during
these interventions into improvements in the ability of
subjects to use their upper extremity (UE) to interact with
objects in the real world.Three robotic devices that allow integrated movements
of the hand and arm have been tested [15-17]. Subjects per-
forming integrated UE training in a study by Klamroth-
Marganska et al. [15] demonstrated better improvements at
the impairment level as measured by the UEFMA than the
traditional therapy group. It is important to note that the
differences in UEFMA changes demonstrated by both the
integrated robotic training condition and the traditionally
presented training condition was relatively small and that
the changes in activity and participation level measures
demonstrated by the two groups did not differ. This said,
their results make a statement speaking to the effectiveness
of integrated robotic UE training compared to usual care
but do not establish an additive effect for integrated robotic
training when compared to isolated robotic UE training.
Krebs et al. utilized a set of activities incorporating an iso-
metric grasp component in addition to several mixed reality
activities combining robotically facilitated reaching move-
ments and grasping of real world objects to the MIT-
MANUS system and compared them to training robotically
facilitated reaching movements only, finding better prox-
imal impairment level improvements for isolated training
[16]. In a cross-over study using the robotic BONES exo-
skeleton, Milot et al. compared multi-joint functional ro-
botic training with single joint, impairment-based training.
Both approaches in the Milot study demonstrated similar
impairment, activity and participation level improvements
[17]. These two studies support the use of robotic training
for impairment and functional based improvement post-
stroke, but cast doubt on the need to train whole upper
extremity complex movement patterns in order to achieve
transfer to activities of daily living. However, it is import-
ant to note that neither of the isolated training paradigms
included a targeted finger training component and in each
of the studies the nature of the tasks presented in the two
training conditions differed substantially as well.
The purpose of this study was to compare a training
program of complex hand and finger tasks without arm
movement paired with a separate set of reaching activ-
ities performed without hand movement, to training the
arm and fingers simultaneously, utilizing integrated ac-
tivities. Both programs were performed using the NJIT
RAVR and TrackGlove systems [18,19] and a suite of
simulated activities provided similar sensorimotor chal-
lenges and comparable feedback. It is believed that the
UE operates in an integrated fashion during most real-
world functional movements thus appearing to support
the concept that task specific training using whole arm
movements may be more beneficial than isolated joint
training. Thus, we hypothesized that a VR/robotic sys-
tem that simultaneously trained all the joints of the UE
would have a greater impact on real-world functional
movement than a system that trained proximal and dis-
tal limb segments separately.
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This study is registered at http://clinicaltrials.gov/show/
NCT01072461 and was approved by the institutional re-
view boards of the New Jersey Institute of Technology
and Rutgers University.
Participants
Potential subjects (Figure 1) were screened for participa-
tion using the following inclusion criteria: 1) between 18
and 80 years of age, 2) at least 6 months post-stroke, and
3) at least 20° of wrist extension and 10° of finger extension
[18], and 4) able to flex shoulder and extend elbow without
pain. Potential subjects were excluded if they had received
botulinum toxin injections in the three months prior to re-
cruitment, or if they demonstrated aphasia that rendered
them unable to participate in the consent process, or
sensory/perceptual issues that did not allow subjects to
perform impaired hand movements without looking at
their hand. Subjects needed to be able to follow three
step commands and attend to task for an entire ten mi-
nute screening session. Informed consent was obtained
from all subjects.
Randomization
A person not involved in data collection performed group
assignment, using a random number table. Odd numbered
subjects were randomized to hand and arm separate train-
ing (HAS); even numbered subjects were randomized to
hand and arm together training (HAT).Recr
par c
Excluded
Over 80 Years of age 7
Less than 6 months post stroke 9
Less than 20 degrees wrist extension 31









Figure 1 CONSORT diagram. Describes participant flow through screeninTesting
Following randomization, subjects completed a battery of
clinical tests two weeks prior to training and one day prior
to training. A third testing session followed three days after
completion of an eight day period of training and a follow-
up testing session occurred three months after training.
Testing was performed by a physical therapist, blinded to
group allocation and the nature of the training programs.
Subjects agreed to not participate in other therapy target-
ing their upper extremity during the training and testing
period as a condition of participation in the study.
Training systems
The NJIT-Track Glove system- consists of a CyberGlove™
(Immersion, USA), which is an instrumented glove for fin-
ger angle tracking, and a TrackStar™ three-dimensional
magnetic tracking system (Ascension Technology, USA)
used to track hand position and orientation. The glove
acts as an interface between the participants and the vir-
tual environments [18] (see Figure 2).
The NJIT RAVR system consists of the CyberGlove
(described above), combined with the Haptic Master, a
6 degrees of freedom robot (Moog, The Netherlands).
The robotic arm provides tracking of multi-planar move-
ments against gravity in a 3D workspace and enables
programmable haptic effects, such as variable anti-gravity
support, springs and dampers, and haptic objects, such as
walls, floors, tables and other complex-shaped objects [19]


















g, randomization, data collection and intervention.
Figure 2 Virtual piano trainer. A: NJIT TrackGlove system, with the subject’s hand in the foreground and a screenshot of the Virtual Piano
Trainer simulation in the background. B: Data for a single repetition of the Virtual Piano Trainer Simulation performed on Training Day 1 and
another repetition on Training Day 8 performed by a representative subject. The horizontally hatched area represents the change in cued finger
flexion secondary to training. Cued finger flexion angle increased slightly (top pair of lines). Non-cued finger flexion decreases more extensively
(bottom set of lines) secondary to training, with the cross hatched area between the two lines indicating improved ability for finger individuation.
C: Daily averages for finger fractionation score for HAS group subjects (open circles) and HAT group subjects (solid circles) during Virtual Piano
Trainer simulation performance. Error bars represent the standard error of the mean. Please see text for further explanation of findings.
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The HAS group engaged in virtually simulated rehabilita-
tion tasks for hand movements for half of each training
session using the NJIT TrackGlove system, then performed
movements for the shoulder and elbow only using the
NJIT RAVR system for the other half of the session (see
Figure 4). The HAT group trained the exact same amount
of time using the NJIT TrackGlove and NJIT RAVR sys-
tem but all of the simulations required integrated shoulder,
elbow, wrist and hand use (see Figure 4). To standardize
postural control across groups, during training all subjects
were seated with seat height adjusted to maintain their feet
flat on the floor and their femurs parallel to the ground.
Seat depth was adjusted to insure adequate support of the
femurs and contact between the trunk and back of the seat,
without excessive posterior pelvic tilt. The work space of
the training simulations that involved reaching utilized a
calibration protocol that measured active upper extremity
range of motion achieved without movement of the trunk
away from the backrest of the seat. Training was per-
formed in a workspace between sixty and eighty percent of
the maximum reaching space achieved during calibration.
All subjects performed two hours of training on Day 1,
and progressed to three hours by Day 4, which continued
to Day 8. Subjects had a single five minute break as they
moved between the NJIT TrackGlove and NJIT RAVRtraining stations. The only other breaks were for transitions
between simulations which took less than 60 seconds. Sub-
jects trained four consecutive days on week one and four
consecutive days on week two. Several subjects resched-
uled sessions within the two training weeks and two
needed to extend training into a third week because of in-
clement weather. Two training weeks were chosen based
on the success of the EXCITE trial. The two to three hour
sessions and four day training weeks were chosen based on
responses to training of subjects performing pilot testing
completed during development of the training systems.
Outcome measures
The primary outcome measure for this study was the Wolf
Motor Function Test (WMFT) because of its balanced
testing of the arm and hand as well as its use in a major
upper extremity (UE) rehabilitation study of persons with
stroke [20]. Secondary outcome measures included the
Jebsen Test of Hand Function (JTHF) and kinematic mea-
sures collected during the training. Both the WMFT and
the JTHF test at the activity and performance level of the
International Classification of Function and Health [21].
Kinematic measures identify changes at the body function
level.
The WMFT is a battery of fifteen timed tasks utilized to
describe the ability of a person with stroke to move their
Figure 3 Hammer Task Simulation. A: NJIT RAVR System in foreground and a screenshot of the Hammer Task simulation in the background. B-D: Daily
averages for Time to Task Completion (B), Trajectory Smoothness (C) and End Point Deviation (D) for HAS group subjects (open circles) and HAT group
subjects (solid circles) during Hammer Task simulation performance. Lower smoothness scores indicate better performance. Error bars represent the standard
error of the mean. Please see text for further explanation of findings.
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inter-rater reliability (ICC ≥ 0.97) and test-retest reliability
(ICC = .90) [22] and is able to discriminate between the
impaired and unimpaired upper extremities of persons
with stroke [23]. Elapsed time was recorded for each of
the 15 items. A score of 120 seconds was recorded if sub-
jects were unable to perform an item. A sum of the fifteen
elapsed times, including times of 120 seconds for items
that were not completed, was recorded as a subject’s score.This differs from other applications of the WMFT but is
consistent with our previously published studies. We used
this approach to account for changes in motor ability
demonstrated when subjects could perform items at post
or retention testing that they could not perform at pre-
test. This approach resulted in fifteen item scores for all
subjects, for all measurement periods.
The modified JTHF is a battery of six standardized tasks
that times the ability of the hand and fingers to manipulate
scirteMStrategiesGametnemriapmInoitalumiS
Simulations Used in both Protocols
ect plays scales and simple 
songs.
Algorithm sets fractionation target 
based on performance. Utilize 
CyberGrasp™ to teach movement 
pattern if subject does not respond to 
algorithm.
Fractionation
HAS:Hand moves over virtual 
keyboard





Piano Finger Individuation Subj
Hammer Shoulder-Arm-Hand Subject hammers peg HAS: by
pronating his forearm.
Algorithm decreases target area as 
time to hammer pegs decreases; 
Increase volume of workspace as time 











Diamond Collector       Finger Extension 
control
Subjects control the position of a
collection basket with individual 
finger movement, occurring in a 
gravity eliminated position.
ROM requirement increases when 
accuracy > 80%. Decreases difficulty 




Space Pong                  Finger Extension 
control
Subject plays a pong type game 
against the computer. Subject 
moves the paddle to the right by 
opening their fingers and to the left 
by closing them.
Increase proportion of subject 
movement (finger extension) to 
paddle movement if accuracy > 80%. 






Space Ship                    Arm elevation           Subject intercepts targets and 
avoids obstacles by pilotinga
spaceship with shoulder abduction 
and flexion movements
Increase target speed and obstacle 
density
Target Hits






Cups                             Arm elevation            Subject attaches virtual hand to 
virtual mugs and places them on 
virtual shelves in a 3D workspace.
Increase volume of workspace as time 





Recalibrate workspace weekly             Workspace 
area
HAT Simulations
Plasma Pong                 Arm elevation 
Finger Extension 
control
Subjects control a paddle moving 
vertically with shoulder flexion.
Algorithm increases speed of game 
when accuracy > 80%. Decreases 
difficulty if accuracy < than 60%.
Accuracy
Paddle expels or attracts pong ball 
controlled with finger flexion 
/extension
Hummingbird              Shoulder-Arm-Hand 
Isolation Arm 
elevation
Using a pincer grasp, subjects 
reach and grasp a bird perched on 
different objects and release it on a 
birdbath
Increase volume of workspace as time 
to place bird on birdbath decreases
Workspace 
area
Recalibrate workspace weekly             Movement 
time
Figure 4 Training simulations.
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reliability (r = .72) and good concurrent validity with the
Action Research Arm Test (ARAT) (r = .87) and Nine Hole
Peg Test (r = .84) in persons with stroke [24]. Elapsed time
was reported for each of the six items [25]. If a subject was
unable to perform an item in 45 seconds, the task was ter-
minated and this time was recorded as their score [26]. All
subjects performed the WMFT and JTHF in a seated pos-
ition, following the positioning guidelines described in the
training protocol section.
Kinematic measures of shoulder and elbow function
during performance of the Hammer-Task simulation (time
to task completion, end-point trajectory smoothness and
end-point deviation during hammering) and kinematic
measures of hand/finger function during Virtual Piano
performance (finger fractionation, a measure of finger in-
dividuation) were recorded during the eight training days.
These two simulations were chosen because they arediscrete tasks. Scores reported for each measure were av-
erages of every repetition performed on each training day.
Three kinematic measurements were collected during
hammer task training. 1) Time to task completion, which
is the average time to complete reaching for and hammer-
ing a target peg. This demonstrates the ability to reach ef-
ficiently and produce repetitive distal movements while
stabilizing the proximal extremity. 2) Trajectory smooth-
ness, which numerically describes the ability to produce
smooth, coordinated, gross reaching movements and may
be an indicator of neurological recovery in persons with
strokes [27]. In a previous study subjects demonstrated
positive correlations between improvements in trajectory
smoothness and improvements in motor function [26]. 3)
End point deviation is a measure of the ability of the
shoulder and elbow musculature to stabilize the entire
upper extremity during the object interaction portion of
the hammer simulation [28]. The score is calculated as the
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the hammering motion (finger flexion/extension or prona-
tion/supination).
One kinematic measure was collected during virtual
piano trainer performance, fractionation, which measures
the ability of the participant to flex a cued finger to a
greater extent than non-cued fingers. It measures both the
ability of the single cued finger to flex actively outside of a
mass flexion pattern and the ability of the remaining non-
cued fingers to remain stable. This stabilization requires a
combination of activation of the non-cued finger exten-
sors as well as de-activation of the non-cued finger flexors
[18], see also [28] for a detailed discussion of this concept.
Each of these abilities is associated with neurologic recov-
ery and improved hand function in persons with stroke
[29]. FS is calculated as the angle of the active finger’s
metacarpo-phalangeal joint minus the MCP angle of the
most flexed inactive finger [18]. When the active finger
flexes beyond the most flexed inactive finger the value is
positive. When the inactive fingers are flexed beyond the
active finger, the value is negative.
Data analysis
For the primary outcome measures, we hypothesized that
both posttest and retention scores would differ by treat-
ment group, after controlling for each of the individual
pre-test scores. We tested our hypothesis with two separate
linear regression models (one for post test scores and an-
other for retention scores), using estimation via maximum
likelihood methods [30]. Because we tested posttest and re-
tention scores separately, the value of 0.025 was used to
declare statistical significance based on Bonferroni criter-
ion. Partial r-squared was used to estimate the effect size,
identifying the proportion of the variability in the scores
that was due to the treatment group, after controlling for
pre-test scores. Because posttest and retention test scores
were not linearly related to pre-test scores, the pre-test
scores were treated as 4 level categorical variables; ≤40 sec-
onds (pre-test1: 4 subjects and pre-test 2: 6 subjects), 40-
80 seconds (10 subjects and 15 subjects) , 80-120 seconds
(4 subjects and 10 subjects) and > 120 seconds (11 subjects
and 9 subjects) [31]. These categories were assigned based
upon the distribution of pre-test WMFT scores with a goal
of at least 4 subjects per category (approximately 10%)
which is typical for this approach to modeling [31]. For all
estimated regression models, residuals were normally dis-
tributed, eliminating the need for the log normalization
typically associated with WMFT scores.
Eleven subjects (7 HAT, 4 HAS), performed only one
clinical pre-test because of scheduling issues. To evaluate
the impact of these missing data on hypothesis testing, we
repeated all statistical analyses controlling only for the sin-
gle pre-test measurement collected immediately prior to
training for each subject. The results of these statisticalanalyses did not differ from the results of the statistical
analyses that included all the available pre-test measure-
ments. We will report only the results of comparisons
using two pretests for subjects who completed both pre-
tests and a single pretest score for subjects that completed
only one. All subjects completed post-test measurement.
A single HAS subject did not perform retention testing
due to a secondary stroke.
For the primary outcome measures, JTHF scores were
analyzed similarly to the WMFT scores, except that the
pre-test scores were categorized into 3 levels; <90 seconds
(pre-test1: 9 subjects and pre-test 2: 9 subjects), 90-150
seconds (9 subjects and 16 subjects) and, > 150 seconds
(11 subjects and 9 subjects). Kinematic measures obtained
during training exercises Piano and Hammer (fraction-
ation, time to task completion, smoothness and end point
deviation) on Day 1 were compared with those collected
on Day 8 using the Wilcoxon rank-sum test. Day one train-
ing values varied between the two groups due to differ-
ences in the HAS and HAT versions of the simulated
training tasks (see Figure 4). To assess whether treatment
group had an effect on improvement in kinematic mea-
sures over the course of the intervention, we estimated re-
gression models of Day 8 values which included the main
effects of Day 1 values and treatment group, plus terms
capturing the interaction between Day 1 values and group.
Interaction terms were used to test whether a group effect
depended upon the pre-test values. As in the WMFT and
JTHF analysis, each kinematic variable’s Day 1 values were
categorized into 4 levels due to non-linearity consider-
ations [31].
Six subjects’ (2 HAS, 4 HAT) fractionation scores from
the Piano exercise were not included in the statistical ana-
lyses because they had to use a hand exoskeleton [18] to
assist them during this activity. Finally, 4 subjects’ scores
from the Hammer exercise (3 HAS, 1 HAT) were not in-
cluded in the statistical analyses because the activity was
substantially modified (fixation of the arm above the target
was provided by the robot during hammering) to allow for
their participation. All of these subjects performed other
simulations in the same fashion as the rest of their cohort
and followed the same training schedule.
Results
Forty-one subjects were randomized into the two treat-
ment conditions (please see CONSORT Figure 1 for re-
sults of the recruitment and screening process. There
were no significant differences in the patient character-
istics or severity of stroke, as measured by the Chedoke
McMaster Impairment Inventory, between the groups
(Table 1) [32]. None of the subjects experienced an ad-
verse response to treatment. On training day one, HAS
group participants averaged 1579 (±1083) repetitions
while HAT group participants performed an average of
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group participants averaged 2585 (±1335) and HAT
group research participants averaged of 2414 (±9607)
repetitions. There was no statistically significant differ-
ence between HAS and HAT groups in the total repeti-
tions performed on any single day or for the entire
course of the intervention.WMFT changes (pre to post-test)
Overall improvement in WMFT from pre-test to post-
training for all forty subjects was statistically significant.
On average, WMFT scores were 26.2 seconds lower than
values obtained at pre-test (95% CI = [14.8, 37.7], p <
0.0001, with a large effect size of partial r2 = 0.81). For
the 29 subjects with two pre-test scores collected, WMFT
scores did not vary significantly from pre-test one to pre-
test two (paired t-test; p = 0.15). Subjects in the HAS
group demonstrated a mean improvement from pre-test
to post-test of 30.8 seconds. This change was larger than
the 21.6 second improvement demonstrated by the HAT
group. However, the post-test WMFT score was not statis-
tically different across the two groups of subjects: p = 0.41,
controlling for both pre-test measurements (Table 2).WMFT changes (pre-test to retention)
Overall, WMFT scores at retention were 25.8 seconds
lower than at pre-test (95% CI = [11.6, 40.4], p =0.0003,
partial r2 = 0.68). Subjects in the HAS group demonstrated
a mean improvement from pre-test to retention of 21.8 sec-
onds. This change was smaller than the 29.9 second im-
provement demonstrated by the HAT group. This time,
the retention WMFT score was statistically different across
the two groups of subjects: p = 0.0114, controlling for both
pre-test measurements. However, the size of this effect was
small, with the partial r2 associated with the group effect
equal to 0.17, i.e., only 17% of the variability in the reten-
tion WMFT can be explained by the group, after control-
ling for the pre-test WMFT scores (Table 2).Table 1 Subjects characteristics by group
HAT group N = 20
Age, mean (CI), 56.0 (49.5-62.4)
Gender, M/F, n 15/5
Pre-Morbid Handedness, Right/Left, n 16/4
Affected UE, Right/Left, n 10/10
Time since onset, median (IQR), mo 41.5 (85.5)
CMA stage (max = 6), median (IQR) 5.0 (1.0)
CMH stage (max = 6), median (IQR) 5.0 (1.0)
CI = 95 percent confidence interval, FET: Fischer’s Exact test, WRST: Wilcoxon rank-su
Stage [38], CMH: Chedoke McMaster Hand Impairment Stage [38].JTHF changes (pre to post-test)
Overall changes in JTHF for all forty subjects from pre-
test to post-training were statistically significant (Table 2).
On average, JTHF scores were 19.1 seconds lower than
values obtained at pre-test (95% CI = [11.7, 26.4], p <
0.0001, with a large effect size of r2 = 0.67). Subjects in the
HAS group demonstrated a mean improvement from pre-
test to post-test of 20.4 seconds and for the HAT group,
the improvement was 17.7 seconds. Controlling for both
pre-test measurements, the p-value for the group effect
was 0.40 (Table 2).JTHF changes (pre-test to retention)
Overall JTHF scores at retention were 12.7 seconds lower
than at pre-test (95% CI = [4.5, 20.7], p <0.0001, with a
large effect size of partial r2 = 0.78). HAS group demon-
strated a mean improvement from pre-test to retention of
14.4 seconds. This change was not significantly different
from the 11.1 second improvement demonstrated by the
HAT group. Controlling for both pre-test measurements,
the p value for the group effect was 0.39 (Table 2).Training kinematics
Overall, subjects demonstrated statistically significant
improvements (p < 0.01) for all four kinematic variables
as measured by the Wilcoxon rank-sum test (p = 0.009
for fractionation; all others p < 0.0001) (Table 2). Frac-
tionation score in the Piano simulation improved from a
median of 15.6 degrees on day 1 to 25.8 on day 8 (Figure 2).
The three variables in the Hammer Task improved as well
from day 1 values: time-to-task completion’s median was
25.0 sec on day 1 and 13.1 sec on day 8; smoothness’s me-
dian was 33,836.4 on day 1 and 8,403.9 on day 8; end point
deviation had a median of 30.5 cm on day 1 and 7.6 cm on
day 8 (Figure 3). Day one scores for fractionation differed
between groups significantly. This can be explained by ex-
acerbation of the UE flexion synergy occurring due to
shoulder abductor loading, as subjects needed to move and
stabilize the hand during the HAT version of the activityHAS group N = 20 T-test/FET/WRST
53.1 (48.4-57.9) t1,38 = .73, p = .47
14/6 FET, p = .50
19/1 FET, p = .17
13/7 FET, p = .26
48.5 (.5) WRST, p = .91
5.0 (1.7) WRST, p = .55
4.0 (2.5) WRST, p = .64
m test, IQR – Interquartile range, CMA: Chedoke McMaster Arm Impairment
Table 2 Clinical and kinematic measurement changes




WMFT, mean (CI), sec HAS N = 20 117.2 (77.5-156.9) 86.4 (60.7-112.1) 91.7 (64.5-118.8) 30.8 (12.6 – 49.0) 21.8 (-1.0-44.7)
HAT N = 20 92.4 (60.8-124.1) 70.8 (45.8-95.7) 62.5 (44.9-80.1) 21.6 (5.5-37.8) 29.9 (9.31-50.5)
JTHF, mean (CI), sec HAS N = 20 146.8 (120.4-173.2) 126.4 (103.6-149.2) 131.6 (107.2-156.1) 20.4 (7.5 – 33.3) 14.4 (-0.04-28.8)
HAT N = 20 124.8 (100.9-148.7) 107.1 (83.5-130.6) 113.7 (90.5-137.0) 17.7 (8.5-27.0) 11.1 (1.1-21.0)
Finger Fractionation, median
(IQR), deg
HAS N = 18 21.7 (12.4-35.4) 40.1 (17.3-59.6) 14.8 (6.11-26.8)
HAT N = 16 10.9 (1.8-20.8) 24.5 (5.4-34.7) 8.6 (4.1-17.1)
Time To Task Completion, median
(IQR), sec
HAS N = 20 25.0 (20.6-36.4 12.7 (10.8-14.9) 9.9 (6.2-23.0)
HAT N = 20 25.4 (18.9-42.0) 14.7 (8.0-19.3) 12.5 (7.6-22.5)
Reaching Trajectory Smoothness*,
median (IQR)
HAS N = 16 28.1 (20.1-66.0) 8.2 (4.3-10.8) 19.2 (9.1-56.6)
HAT N = 20 35.7 (18.2-76.3) 8.6 (2.4-23.1) 23.3 (15.0-45.9)
Endpoint Deviation, median (IQR), cm HAS N = 16 27.1 (15.8-55.6) 9.1 (5.5-12.4) 16.3. (7.2-45.7)
HAT N = 20 38.0 (13.1-51.1) 6.2 (3.5-10.3) 25.6 (5.3-35.2)
CI = 95 percent confidence interval, IQR = Interquartile Range, * = Reported as actual smoothness multiplied by 1,000.
Fluet et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:126 Page 9 of 11
http://www.jneuroengrehab.com/content/11/1/126while the upper extremity was externally stabilized during
the HAS version of the activity. It is important to note that
both groups improve in a comparable pattern and that the
interaction between measurement time and training group
was not statistically significant. See also the large changes
demonstrated between Day 1 and Day 2. These changes are
usually associated with task familiarization and for many
subjects, the sensorimotor transformations associated with
performing a simulated activity. Figure 2 shows the change
in fractionation for each group as well as a representational
subject’s increased ability to stabilize the un-cued fingers in
a less flexed position, resulting in an improved fractionation
score.
There were no statistically significant differences be-
tween groups for day one scores for any of the Hammer
Task kinematic measurements (Figure 3). Figure 3 shows
the changes in Hammer Kinematics for each group. Re-
gression models that included day 1 values and the main
effect of the treatment group (HAS vs. HAT), did not
identify a statistically significant difference when com-
paring the improvements demonstrated by either group
for any kinematic variable (fractionation: p = 0.50, arm
fixation: p = 0.12, smoothness: p = 0.87, time to comple-
tion: p = 0.38). Note the differences in smoothness and
time to completion early in the trial for the two versions
of the task. This may be due to interactions between the
hand and shoulder for the HAT version of the task. By
the end of training scores for the two groups are essen-
tially equal. This may be due to a ceiling effect related to
the HAS version of this activity.
Discussion
Both groups demonstrated improvements in the study’s
primary outcome, the WMFT, as well as the JTHF and
kinematic parameters acquired during the training. Therewere no differences between subjects that simultaneously
trained all the joints of the UE and those that trained prox-
imal and distal limb segments separately when measured
immediately after training. However, interestingly, WMFT
scores for subjects in the group that simultaneously trained
all the joints of the UE, improved from posttest to reten-
tion test while WMFT scores for subjects in the isolated
training group regressed slightly towards baseline scores.
The similarity in the findings in pre-test to post-test out-
comes between the two training programs in this study
was contrary to our original hypothesis but similar to other
studies that have addressed the issue of integrated UE ro-
botic training in persons with stroke [16,17].
If the biomechanical similarity between HAT training
and UE function in the real world were the critical factor
for the transfer of training benefits to our outcome mea-
sures, HAT training should have produced superior results,
based on the concept of specificity of training. However,
one of the hallmarks of motor learning is the ability to
transfer improvements in motor performance to dissimilar
tasks [33]. This said, several other factors associated with
enhanced motor learning may be just as important as task
specificity. Factors such as volume of training and type of
feedback were controlled for in the design of these two
training programs. This study’s results may suggest that
the similarities in these other factors, discussed below, may
have resulted in comparable levels of more general motor
learning and therefore similar levels of transfer, to a broad
range of dissimilar UE tasks.
There is substantial evidence supporting the hypothesis
that the volume of rehabilitation activity has a significant
impact on motor learning in general [34] and more specif-
ically, the outcome of rehabilitation interventions in per-
sons with stroke [35]. The workloads (in terms of time)
performed by HAS and HAT group participants were
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factor proposed to have an impact on motor learning [34]
as well as the outcome of rehabilitation interventions [35].
The HAT and HAS versions of the Hammer and Virtual
Piano simulations both utilized algorithms to adjust the dif-
ficulty of tasks based on the success of the immediately pre-
ceding repetitions. We utilized workspace-scaling following
a similar schedule for the balance of the simulations in the
two programs. It could be argued that the equivalence of
the two training programs in terms of difficulty of training
effectively controlled for any possible confounding effects
of task complexity.
Newer research on the effects of simple feedback in per-
sons with stroke, underscore the impact of feedback on
motor adaptations subsequent to motor interventions [36].
The amount and types of feedback presented to both
groups may have had an effect on the outcomes. Approxi-
mately forty percent of the two interventions presented
identical feedback due to the Hammer task and Virtual
Piano simulations being included in both treatment pro-
grams. Knowledge of results feedback was provided in the
form of a game score for one of the HAT simulations
(Plasma Pong) and two of the HAS simulations, one for
proximal effectors (Space-Ship) and one for distal effectors
(Space Pong). While the feedback was not identical across
the two training approaches, the factors described in this
paragraph would support that feedback across the training
conditions was roughly equivalent and that this equivalence
is consistent with the comparable outcomes observed.
Differences in the retention patterns of our primary out-
come measure across the two groups of subjects were sig-
nificant although the effect size was small. Explanation of
these differences and confirmation of their clinical rele-
vance will require further study. The two training proto-
cols may have elicited different changes at the substrate
level with the adaptations made by subjects who trained
all degrees of freedom of the UE simultaneously (including
finger flexion/extension) proving to be more durable than
those made by subjects in the isolated training group. Al-
ternatively, the two training patterns may have transferred
to different patterns of behavior following training that re-
sulted in continuing improvement in the use of the arm in
the HAT training subjects and a slight regression towards
baseline in the HAS training subjects. We plan to add
testing of neurophysiological adaptations to this type of
training along with a more detailed study of activity levels
during the retention period in our future investigations.
The mean percent improvement in WMFT score
across all 40 subjects was 24.8% and the effect size was
.81 when measured immediately after therapy. This large
improvement in WMFT score demonstrated by both
groups in this study when compared to other studies of
technology based upper extremity rehabilitation in per-
sons with stroke that train the proximal upper extremityonly [20,37,38] support the notion that training the hand
along with the proximal upper extremity is critical for
transfer of the training to interactions with objects in
the real world. Further investigation into differences in
the retention of this transfer of training will be necessary
to determine if integrated whole upper extremity train-
ing should be chosen over programs of isolated activities
for the arm and isolated activities of the hand. Another
issue related to generalization of our results and a defini-
tive answer to our research question is the moderate to
minimally impaired levels of motor function in our sam-
ple. Overall response to VR/Robotic training and the
pattern of similar adaptation to the two types of training
may prove different in a sample of subjects with lower
levels of motor function.
Conclusion
This study failed to identify a significant difference in activ-
ity level improvements elicited by integrated, robotically fa-
cilitated UE training and a comparable dose of isolated,
robotically facilitated UE training in a group of persons with
mild to moderate hemiparesis due to chronic CVA. The
findings of this study have potential implications on the de-
sign of upper extremity rehabilitation systems. Robotic and/
or virtually simulated activities integrating large excursion
movements of the proximal upper extremity with smaller
excursion, but more complex movements of the wrist and
fingers are more challenging to design and implement than
activities training these two sets of effectors separately.
Complex, robotic systems integrating several joints are also
more costly and more time consuming to set up, making
them difficult to incorporate into clinical practice when
compared to simpler robotic equipment that trains a single
effector [11]. Further investigation into the retention effect
should clarify whether additional health-care dollars spent
on integrated training systems versus simpler isolated train-
ing systems are warranted.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
All authors read and approved the final manuscript. GGF participated in the
robotic/VR system design, study design, subject recruitment, data collection,
data analysis, initial manuscript preparation and manuscript revision. ASM
participated in the robotic/VR system design, study design, data collection, data
analysis, initial manuscript preparation and manuscript revision. QQ participated
in the robotic/VR system design, data collection, data analysis and initial
manuscript preparation. AD participated in the study design, data analysis, initial
manuscript preparation and manuscript revision. SVA participated in the
robotic/VR system design, study design, data collection, and data analysis, initial
manuscript preparation and manuscript revision.
Acknowledgements
This work was supported in part by National Institute of Health grant R01-HD58301
and National Institute on Disability and Rehabilitation Research Grant H133E050011.
The authors would like to thank Anita Van Wingerden PT, DPT, Sejal Patel PT, DPT
and Heather Jarvis, PT MSPT for their contributions to our data collection process as
Fluet et al. Journal of NeuroEngineering and Rehabilitation 2014, 11:126 Page 11 of 11
http://www.jneuroengrehab.com/content/11/1/126well as Soha Saleh PhD and Ian Lafond MS for participating in our training
interventions.
Author details
1Department of Rehabilitation and Movement Science, Rutgers The State
University of New Jersey, Room 714C, 65 Bergen Street, Newark, NJ 07101,
USA. 2Department of Quantitative Methods, Rutgers University, 65 Bergen
Street, Newark, NJ, USA. 3Department of Biomedical Engineering, New Jersey
Institute of Technology, University Heights, Newark, NJ, USA.
Received: 14 April 2014 Accepted: 12 August 2014
Published: 23 August 2014
References
1. Kwakkel G, Kollen B: Predicting improvement in the upper paretic limb
after stroke: a longitudinal prospective study. Restor Neurol Neurosci 2007,
25:453–460.
2. Wolf SL, Blanton S, Baer H, Breshears J, Butler AJ: Repetitive task practice: a
critical review of constraint-induced movement therapy in stroke.
Neurologist 2002, 8:325–338.
3. Horak FB: Assumptions underlying motor control for neurologic
rehabilitation: contemporary managemnt of motor control problems, Conf
Proc: II-Step Conference. Alexandria, VA: APTA Neurology Section; 1991.
4. Gelber DA, Josefczyk PB, Herman D: Comparison of two therapy
approaches in the rehabilitation of the pure motor hemiparetic stroke
patient. J Neurorehabil 1995, 9:191–196.
5. Mehrholz J, Platz T, Kugler J, Pohl M: Electromechanical and robot-assisted
arm training for improving arm function and activities of daily living
after stroke. Cochrane Data Base 2008, 4:CD006876.
6. Kwakkel G, Kollen BJ, Krebs HI: Effects of robot-assisted therapy on upper
limb recovery after stroke: a systematic review. Neurorehabil Neural Repair
2008, 22:111–121.
7. Kutner NG, Zhang R, Butler AJ, Wolf SL, Alberts JL: Quality-of-life change
associated with robotic-assisted therapy to improve hand motor function
in patients with subacute stroke: a randomized clinical trial. Phys Ther 2010,
90:493–504.
8. Takahashi CD, Der-Yeghiaian L, Le V, Motiwala RR, Cramer SC: Robot-based
hand motor therapy after stroke. Brain 2008, 131:425–437.
9. Connelly L, Jia Y, Toro ML, Stoykov ME, Kenyon RV, Kamper DG: A
pneumatic glove and immersive virtual reality environment for hand
rehabilitative training after stroke. IEEE Trans Neural Syst Rehabil Eng 2011,
18:551–559.
10. Fischer HC, Stubblefield K, Kline T, Luo X, Kenyon RV, Kamper DG: Hand
rehabilitation following stroke: a pilot study of assisted finger extension
training in a virtual environment. Top Stroke Rehabil 2007, 14:1–12.
11. Balasubramanian S, Klein J, Burdet E: Robot-assisted rehabilitation of hand
function. Curr Opin Neurol 2012, 23:661–670.
12. Adamovich SV, Fluet GG, Tunik E, Merians AS: Sensorimotor training in
virtual reality: a review. Neuro Rehabil 2009, 25:29–44.
13. Henderson A, Korner-Bitensky N, Levin M: Virtual reality in stroke rehabilitation:
a systematic review of its effectiveness for upper limb motor recovery.
Top Stroke Rehabil 2007, 14:52–61.
14. Merians AS, Poizner H, Boian R, Burdea G, Adamovich S: Sensorimotor
training in a virtual reality environment: does it improve functional
recovery poststroke? Neurorehabil Neural Repair 2006, 20:252–267.
15. Klamroth-Marganska V, Blanco J, Campenf K, Curt A, Dietz V, Ettlin T, Felder M,
Fellinghauer B, Guidali M, Kollmara A, Luft A, Nef T, Schuster-Amft C, Stahel W,
Riener R: Three-dimensional, task-specific robot therapy of the arm after
stroke: a multicentre, parallel-group randomised trial. Lancet Neurol 2014,
13:159–166.
16. Krebs HI, Mernoff S, Fasoli SE, Hughes R, Stein J, Hogan N: A comparison of
functional and impairment-based robotic training in severe to moderate
chronic stroke: a pilot study. Neuro Rehabil 2008, 23:81–87.
17. Milot MH, Spencer SJ, Chan V, Allington JP, Klein J, Chou C, Bobrow JE,
Cramer SC, Reinkensmeyer DJ: A crossover pilot study evaluating the
functional outcomes of two different types of robotic movement
training in chronic stroke survivors using the arm exoskeleton BONES.
J Neureng Rehabil 2013, 10:112.
18. Adamovich SV, Fluet GG, Mathai A, Qiu Q, Lewis J, Merians AS: Design of a
complex virtual reality simulation to train finger motion for persons with
hemiparesis: a proof of concept study. J Neuroeng Rehabil 2009, 6:28.19. Adamovich SV, Fluet GG, Merians AS, Mathai A, Qiu Q: Incorporating haptic
effects into three-dimensional virtual environments to train the hemiparetic
upper extremity. IEEE Trans Neural Syst Rehabil Eng 2009, 17:512–520.
20. Lo AC, Guarino PD, Richards LG, Haselkorn JK, Wittenberg GF, Federman DG,
Ringer RJ, Wagner TH, Krebs HI, Volpe BT, Bever CT, Bravata DM, Duncan
PW, Corn BH, Maffucci AD, Nadeau SE, Conroy SS, Powell JM, Huang GD,
Peduzzi P: Robot-assisted therapy for long-term upper-limb impairment
after stroke. N Engl J Med 2008, 362:1772–1783.
21. World Health Organization: ICF: Towards a Common Language for
Functioning, Disability and Health. Geneva: World Health Organization; 2002.
22. Morris DM, Uswatte G, Crago JE, Cook EW 3rd, Taub E: The reliability of the
wolf motor function test for assessing upper extremity function after
stroke. Arch Phys Med Rehabil 2001, 82:750–755.
23. Wolf SL, Catlin PA, Ellis M, Archer AL, Morgan B, Piacentino A: Assessing
Wolf motor function test as outcome measure for research in patients
after stroke. Stroke 2001, 32:1635–1639.
24. Beebe JA, Lang CE: Relationships and responsiveness of six upper
extremity function tests during the first six months of recovery after
stroke. J Neurol Phys Ther 2009, 33:96–103.
25. Jebsen RH, Taylor N, Trieschmann RB, Trotter MJ, Howard LA: An objective
and standardized test of hand function. Arch Phys Med Rehabil 1969,
50:311–319.
26. Merians AS, Fluet GG, Qiu Q, Saleh S, Lafond I, Davidow A, Adamovich SV:
Robotically facilitated virtual rehabilitation of arm transport integrated
with finger movement in persons with hemiparesis. J Neuroeng Rehabil
2011, 8:27.
27. Rohrer B, Fasoli S, Krebs HI, Volpe B, Frontera WR, Stein J, Hogan NH:
Submovements grow larger, fewer, and more blended during stroke
recovery. Motor Control 2004, 8:472–483.
28. Qiu Q, Fluet GG, Lafond I, Merians AS, Adamovich SV: Coordination changes
demonstrated by subjects with hemiparesis performing hand-arm training
using the NJIT-RAVR robotically assisted virtual rehabilitation system.
Conf Proc IEEE Eng Med Biol Soc 2009, 1:1143–1146.
29. Lang CE, Beebe JA: Relating movement control at 9 upper extremity
segments to loss of hand function in people with chronic hemiparesis.
Neurorehabil Neural Repair 2007, 21:279–291.
30. Edwards AWF: Likelihood. Cambridge: Cambridge University Press; 1972.
31. Pasta DJ: Learning when to be discrete: Continuous versus categorical
predictors. Washington D.C: SAS Global Forum; 2009.
32. Gowland C, Stratford P, Ward M, Moreland J, Torresin W, Van Hullenar S,
Sanford J, Barreca S, Vanspall B, Plews N: Measuring physical impairment
and disability with the Chedoke-McMaster Stroke Assessment.
Stroke 1993, 24:58–63.
33. Schaefer SY-1, Patterson CB, Lang CE: Transfer of training between distinct
motor tasks after stroke: implications for task-specific approaches to
upper-extremity neurorehabilitation. Neurorehabil Neural Repair 2013,
27(7):602–612.
34. Schmidt RA, Lee TD: Motor learning and performance: From principles to
performance. 5th edition. Champaign IL: Human Kinetics Press; 2014.
35. Kwakkel G, Kollen BJ, Wagenaar RC: Long term effects of intensity of
upper and lower limb training after stroke: a randomised trial. J Neurol
Neurosurg Psychiatry 2002, 72:473–479.
36. Dobkin BH, Plummer-D’Amato P, Elashoff R, Lee J: International randomized
clinical trial, stroke inpatient rehabilitation with reinforcement of walking
speed (SIRROWS), improves outcomes. Neurorehabil Neural Repair 2012,
24:235–242.
37. Subramanian SK, Lourenco CB, Chilingaryan G, Sveistrup H, Levin MF: Arm
motor recovery using a virtual reality intervention in chronic stroke:
randomized control trial. Neurorehabil Neural Repair 2013, 27:13–23.
38. Abdollahi F, Rozario SV, Kenyon RV, Patton JL, Case E, Kovic M, Listenberger
M: Arm control recovery enhanced by error augmentation. Zurich: IEEE …
International Conference on Rehabilitation Robotics; 2011. 5975504.
doi:10.1186/1743-0003-11-126
Cite this article as: Fluet et al.: Comparing integrated training of the
hand and arm with isolated training of the same effectors in persons
with stroke using haptically rendered virtual environments, a
randomized clinical trial. Journal of NeuroEngineering and Rehabilitation
2014 11:126.
